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Summary
Objective: The effects of mechanical deformation of intact cartilage tissue on chondrocyte biosynthesis in situ have been well documented, but
the mechanotransduction pathways that regulate such phenomena have not been elucidated completely. The goal of this study was to
examine the effects of tissue deformation on the morphology of a range of intracellular organelles which play a major role in cell biosynthesis
and metabolism.
Design: Using chemical ﬁxation, high pressure freezing, and electron microscopy, we imaged chondrocytes within mechanically compressed
cartilage explants at high magniﬁcation and quantitatively and qualitatively assessed changes in organelle volume and shape caused by
graded levels of loading.
Results: Compression of the tissue caused a concomitant reduction in the volume of the extracellular matrix (ECM), chondrocyte, nucleus,
rough endoplasmic reticulum, and mitochondria. Interestingly, however, the Golgi apparatus was able to resist loss of intraorganelle water and
retain a portion of its volume relative to the remainder of the cell. These combined results suggest that a balance between intracellular
mechanical and osmotic gradients govern the changes in shape and volume of the organelles as the tissue is compressed.
Conclusions: Our results lead to the interpretive hypothesis that organelle volume changes appear to be driven mainly by osmotic interactions
while shape changes are mediated by structural factors, such as cytoskeletal interactions that may be linked to extracellular matrix
deformations. The observed volume and shape changes of the chondrocyte organelles and the differential behavior between organelles
during tissue compression provide evidence for an important mechanotransduction pathway linking translational and post-translational events
(e.g., elongation and sulfation of glycosaminoglycans (GAGs) in the Golgi) to cell deformation.
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Human and animal articular cartilages are subjected to
a wide range of dynamic and static loading forces during
articulation of synovial joints. Under physiological conditions,
human hip cartilage can experience peak stresses as high
as w18 MPa (180 atm) when subjected to rapid joint
motion1. While such stresses on cartilage are high, their
short duration results in relatively low values of tissue
compressive strain (only a few percent). In contrast, longer
duration ‘‘static’’ loads within the physiological range, applied
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Received 24 January 2004; revision accepted 11 August 2004.93to cadaver knee joints for tens of minutes2, can produce
compressive strains in certain knee cartilages as high
asw40% (i.e., compression to 60% of original thickness).
The extracellular matrix (ECM) of cartilage plays a central
role in the tissue’s ability to withstand such high loads and
deformations. Aggrecan, the major load-bearing proteogly-
can in the ECM, is composed of a w300 kDa core protein
substituted with w100 glycosaminoglycan (GAG) chains
(predominantly chondroitin sulfate (CS) chains) whose high
negative charge density resists tissue compression via
electrostatic and osmotic swelling interactions along with
resistance to ﬂuid loss3. Densely packed supramolecular
aggregates of aggrecan are enmeshed within a network of
reinforcing collagen ﬁbrils that function to resist tensile and
shear deformation of cartilage.
Chondrocytes present in the tissue occupy only w3e5%
of the tissue volume, depending on tissue age and
location4. These cells are responsible for the continual7
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to maintain normal tissue homeostasis. Alterations in
biosynthetic rates or in the quality of the macromolecules
synthesized and secreted into the ECM over time may
change the mechanical properties of the tissue5e8.
Chondrocyte gene transcription, cell signaling, and bio-
synthesis have been shown to change in response to
mechanical compression and shear loading of intact
cartilage tissue9e15, as well as applied hydrostatic pres-
sure16e18 and osmotic loading17,19e21. While static mechan-
ical compression has been observed to decrease matrix
biosynthesis, dynamic compression and shear in the
0.01e1.0 Hz frequency range can stimulate matrix synthe-
sis11,22e24. Further research has been done on the ﬁne
structure of aggrecan and the changes in structure that
result from mechanical loading of cartilage explants. Kim
et al. found that static compression altered speciﬁc post-
translational modiﬁcations of aggrecan resulting in a de-
crease in the number of GAG chains per core protein and an
increase in CSeGAG chain length8. Lammi et al. also found
that static hydrostatic pressure applied to conﬂuent cultures
of primary bovine articular chondrocytes resulted in longer
GAG chain lengths compared to non-stimulated controls25.
Thus, mechanical forces appear to regulate multiple
steps along the biosynthetic pathway including transcrip-
tion, translation and post-translational events, involving
multiple organelles and cytoskeletal structures. For exam-
ple, following the transcriptional processes that may be
stimulated by an upstream mechanical signal, translated
peptides are transported to the Golgi apparatus. For the
case of aggrecan, post-translational changes occurring in
the Golgi include extension of the GAG chains initiated on
the core protein by GAG primers added in the late rER/early
Golgi. In addition, sulfation and other modiﬁcations to the
GAGs occur as the core protein encounters lumen-bound
enzymes while progressing through the Golgi7,26. Thus,
compression-induced alterations in intracellular transport
and trafﬁcking could have signiﬁcant downstream effects.
We hypothesized that the morphology and organization
of the organelles responsible for intracellular transcription,
translation and post-translational processes may be sub-
stantially altered by mechanical deformation of intact tissue.
In turn, these alterations may be related to previously
observed changes in chondrocyte biosynthesis in response
to compression. Therefore, the objective of this study was to
compare and contrast the differential effects of mechanical
compression of cartilage tissue on the morphology of
chondrocyte rER, Golgi, mitochondria, and nuclei, both
quantitatively and qualitatively. Cartilage explants were
subjected to graded levels of compression and prepared for
electron microscopy using in situ cryoﬁxation or chemical
ﬁxation of specimens. While compression of the tissue
caused a signiﬁcant decrease in cell volume and a concom-
itant decrease in the volumes of nuclei, rER and mitochon-
dria, the Golgi were able to maintain their volume. These
results highlight the potential role of organelle volume
regulation in the response of chondrocytes to tissue and cell
deformation, likely due to intracellular osmotic pressure
gradients that accompany cell deformation.
Methods
CARTILAGE EXPLANT AND CULTURE
Cylindrical cores of cartilage and underlying bone,
9.5 mm diameter, were harvested from the femoropatellar
groove of 1e2 week old bovine calves. Using a sledgemicrotome, the most superﬁcial w200 mm cartilage layer
was cut and discarded, and the next 1 mm slice of middle
zone cartilage was removed for use. The central region of
each slice was then cored into 3-mm diameter disks using
a dermal punch, and immediately placed into culture
medium. Disks were kept at 37(C in 5% CO2 and 95% air
in a standard culture medium (DMEM-based, 10% FBS,
10 mM HEPES, 0.1 mM non-essential amino acids, 1 mM
sodium pyruvate, 0.4 mM proline, 1 mM penstrep, and
20 mg/ml ascorbate) and maintained under these conditions
for 5 days prior to application of mechanical compression. In
each experiment, matched disks from each slice were
distributed equally across different treatment groups as
described below.
MECHANICAL COMPRESSION AND CHEMICAL FIXATION
Five groups of matched disks designated for chemical
ﬁxation were maintained either in free swelling conditions
(FSW) or compressed to 1 mm (i.e., the initial cut thickness,
deﬁned as 0% compressive strain), 0.9 mm (10% strain),
0.65 mm (35%), or 0.5 mm (50%) in incubator housed
compression chambers for 24 h. Compression was applied
in a uniaxial, radially unconﬁned conﬁguration by opposing
platens within the lid and base of the chambers, as
described previously27. In this conﬁguration, shown sche-
matically in Fig. 1(A), the disks could freely bulge outward in
the unconstrained radial direction during compression.
However, this radial deformation was very small, based
on the previous measurement of the equilibrium Poisson’s
ratio nZ 0.11G 0.02 performed using similar bovine calf
femoropatellar groove cartilage28. (In the conﬁguration of
Fig. 1(A), Poisson’s ratio is deﬁned as the ratio of radial to
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Fig. 1. Compression conﬁguration and measured tissue thickness
after chemical ﬁxation. (A) Explant disks were maintained free
swelling (FSW) or held within a culture-compression chamber that
imposed one of four pre-determined compression levels. (B) After
chemical ﬁxation within the chamber in situ, sample thickness was
measured and normalized to the mean of the 1.0 mm compressed
samples. The data exhibit a signiﬁcant effect of compression (one-
way ANOVA, P! 0.001, nZ 5 blocks per condition) with each
condition signiﬁcantly different than the others (P! 0.001) by
Tukey’s test. Data are meanG S.E.M.
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disk specimen28.)
The disks were then ﬁxed in the compressed state within
the chamber for an additional 5 h using 2.5% glutaralde-
hyde medium containing 0.1 M sodium cacodylate buffer
(pH 7.4). The disks were rinsed in isotonic sodium
cacodylate buffer (0.1 M, pH 7.4; osmolarity adjusted with
sodium chloride), and then postﬁxed in 1% weight/volume
osmium tetroxide solution in 0.1 M sodium cacodylate buffer
(pH 7.4; osmolarity adjusted to isotonicity with sodium
chloride) for another 4e5 h.
After rinsing again for 3! 20 min in isotonic sodium
cacodylate buffer solution (still under compression), the
specimens were immersed and equilibrated in 70% ethanol,
and ﬁnally removed from the compression chambers. The
disks were then completely dehydrated in a graded series
of ethanol solutions and embedded in Epon 812. Thick
semi-thin tissue sections (1 mm) were cut using a Reichert
Ultracut S and stained with Toluidine Blue; these sections
were produced to assess orientation and overall preserva-
tion quality. For EM examination, thin sections (65 nm) were
cut and stained with uranyl acetate and lead citrate.
Ruthenium hexammine tri-chloride (RHT) treatment was
not used during the ﬁxation of samples in this study. RHT
has been shown to inhibit cell collapse at lower compres-
sion magnitudes (less than 20%), but has also been shown
to enhance vacuole formation in the cytosol. For the latter
reason, and our concern with preserving intracellular
organelle morphologies, we did not use RHT with chemical
ﬁxation in this study. Moreover, high pressure freezing
has been shown to preserve cell shape and volume without
the use of RHT, making it unnecessary in those
samples29,30.
COMPRESSION AND HIGH PRESSURE FREEZING
Explants designated for high pressure freezing were
mechanically ﬁxed to the cutting stage of a vibratome, and,
from this point, were continually immersed in 1-hexade-
cene31 to prevent drying. The vibratome was used to cut
slices from the explant at thicknesses between 200 and
400 mm depending on degree of compression desired.
Slices were then placed in a petri-dish with 1-hexadecene.
A circular ophthalmic punch (Miltex, Inc., York, PA) was
used to excise 1.7 mm diameter disks. Individual disks were
then slowly compressed between two thin aluminum plates
to a thickness corresponding to compressive strains of 20%,
35%, or 50% and, along with FS control disks, mounted in
the specimen holder of a Leica HPF high pressure freezer
(Leica AG, Vienna, Austria). Cryoﬁxation was achieved
using a pressure of 2100 bar and a surface cooling rate of
10,000(C/s. Following cryoimmobilization, samples were
immediately immersed and stored in liquid nitrogen. Freeze
substitution was then performed in a liquid nitrogen-cooled
cryostat: disks were immersed in an anhydrous solution of
acetone containing 2% (w/v) osmium tetroxide32 for 17 h at
90(C and for 12 h at60(C and30(C. The temperature
was then raised to 0(C and, after a period of 1 h, the pure
anhydrous acetone was exchanged three times prior to
stepwise embedding in Epon 812 (3 h in 30%; 3 h in 70%; 3
days in 100%). Polymerization (using fresh resin) was
carried out at 60(C for 5 days33.
High pressure freezing was used for quantitative assess-
ment of volume densities of the nuclei, Golgi, rER, and
mitochondria, while chemical ﬁxation was used for all other
measures. We chose this approach after ﬁnding that
organelle morphology within cells in chemically ﬁxedspecimens did not produce the resolution necessary for
quantitative evaluation at the highest strain levels of 35%
and 50%, while cells at strains up to 50% exhibited high
resolution in specimens carried through high pressure
freezing. In addition, previous studies showed that chon-
drocytes in similar explants remained fully viable and
metabolically active days after slow compression to 50%
strain, using the same methods as in the present study8.
Therefore, chemical ﬁxation was not used for organelle-
level measurements due to the accuracy needed for the
delicate volume density quantization. However, for cell-level
parameters (volume, volume density, diameter ratio) and
non-organelle measurements (volume densities of fat,
blood vessel, and glycogen), the highly compressed,
chemically ﬁxed samples did not pose any difﬁculties. The
trends identiﬁed via chemical ﬁxation were also veriﬁed
by examination of the parallel high pressure freezing
samples.
SAMPLING PROTOCOL
During electron-microscopic examination, tissue slices,
or ‘‘blocks’’ (each block corresponds to a different disk),
were oriented vertically and sampling of cells for ultrastruc-
tural morphometry was started along the left border of the
tissue block edge, from top to bottom. Each cell encoun-
tered was photographed at a low magniﬁcation (7000!).
For an overview examination and analysis of cellular
parameters, high magniﬁcation images of these cells were
taken starting from the left border to the right at a ﬁnal
magniﬁcation of 25,000!. A total number of 15 cell proﬁles
per block were photographed using this sampling protocol.
In order to obtain at least 10 centrally cut cell proﬁles per
block, an additional number of proﬁles satisfying this
criterion were photographed by continuation of this sam-
pling protocol within the block. Efforts were made to take
spectrum of radially positioned cells to account for any
inhomogeneity in swelling which might lead to a non-
uniform compression proﬁle.
MORPHOMETRIC ANALYSIS OF DISK THICKNESS AFTER
CHEMICAL FIXATION
For each chemically ﬁxed block, cross-sectional thick-
ness was measured using digitized light microscope
images to verify that the thickness after ﬁxation approx-
imated the intended compression thickness. Five blocks per
loading condition were measured by this method.
CELLULAR MORPHOMETRY
Estimation of the mean cell volume was performed by
using the nucleator method34 at a magniﬁcation of 7000!
(six sections were used per loading condition with an
average of 15 cells measured per section). The cell volume
density was estimated by point counting35,36. The vertical
and horizontal maximal cell proﬁle diameters were mea-
sured on centrally cut proﬁles (through the nucleus) and
their ratios averaged over the tissue section.
ORGANELLE MORPHOMETRY
Mean surface and volume densities were estimated using
high magniﬁcation electron micrographs (the organelle
mean surface or volume density is the mean surface area
or volume divided by the cytoplasmic volume). Surface
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ticulum and the Golgi apparatus using intersection counting
and cycloid test systems37. Volume densities in the
cytoplasm were calculated for the nucleus, rough endo-
plasmic reticulum, the Golgi vesicles, mitochondria, lipid
droplets, and glycogen granules. Systematic point-grid-
systems were used to estimate the appropriate volume
densities. A total number of 100 to 200 point hits were
counted per organelle parameter and per compression
state.
STATISTICAL ANALYSIS
The effect of compression on data collected in a cell-by-
cell manner [Figs. 4(A, B) and 6(A, B)] was assessed using
a nested ANOVA to account for variability among blocks (at
a given compression level) and among compression levels.
When a signiﬁcant effect of compression was observed
(ANOVA P! 0.05), differences between speciﬁc compres-
sion levels and free swelling controls were assessed by
Tukey’s post-hoc analysis. For data collected on a block-by-
block basis [Figs 1, 4(C, D), 5(AeH) and 6(C)], comparisons
among compression levels were made by one-way AN-
OVA. When ANOVA revealed a signiﬁcant effect of
compression (P! 0.05), differences between speciﬁc
compression levels and free swelling controls were
assessed by Dunnett’s post-hoc analysis. All statistical
analyses were performed using Systat 9.0 (Systat Software,
Inc., Richmond, CA). Data are reported as meanG S.E.M.
Results
CONFIRMATION OF COMPRESSED TISSUE THICKNESS
Compression and chemical ﬁxation of samples resulted
in a ﬁnal ﬁxed tissue thickness that closely followed the
original compressed thickness [Fig. 1(B)]. All groupsapproximated their intended compression levels with the
exception of the 0.50 mm samples which were measured at
a thickness of 0.60 mmG 0.006. This ‘‘rebound’’ has been
seen previously in highly compressed cartilage samples
after chemical ﬁxation27. Tissue maintained under FSW
swelled by w35% above the initial 1-mm cut thickness
[Fig. 1(B)], within the range of swelling reported previously
for immature bovine cartilage15. Overall, the thickness of
each group was signiﬁcantly different from each of the other
groups (P! 0.001 by Tukey’s test) and represented
a distinctly compressed set of samples.
EM ANALYSIS
Representative images of cells held under free swelling
and 0.9 mm compressed thickness (10% compression) and
subsequently chemically ﬁxed are shown in Fig. 2. Simi-
larly, images of cells under FSW or subjected to 20% or
50% compression and ﬁxed using high pressure freezing
are shown in Fig. 3. The images obtained using both
ﬁxation methods clearly show a reduction in the height of
the cells and a reorganization of the organelles with
increasing compression. Speciﬁcally, the endoplasmic
reticulum and Golgi apparatus acquired a more stacked
appearance with increasing levels of compression. The
nuclei also showed a reduction in height concomitant with
the cellular height reduction. These observations motivated
a quantitative analysis of the cellular and organelle
morphometry. Of particular interest were the volume
densities of the organelles relative to the cells, and the
volume densities of the cells relative to the tissue, all
assessed within the same sets of compressed disks.
COMPRESSION ALTERED CELL MORPHOLOGY
Chondrocyte mean cell volume decreased signiﬁcantly
with compression as measured in disks preserved by bothCell
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Fig. 2. Chondrocytes and intracellular organelles within compressed and chemically ﬁxed tissue. Electron micrographs of chondrocytes (A, B)
and their organelles (CeH) in uncompressed (free swelling) cartilage disks (A, C, E, G) and in tissue that was compressed to 0.9 mm (10%
compression). At 10% strain, tissue processed by chemical ﬁxation was well preserved and demonstrated qualitative decreases in the volume
of cells (A, B), nuclei (C, D) and rough endoplasmic reticulum (E, F) compared to free swelling controls, while the volume of the Golgi
apparatus (G, H) appeared unchanged. At higher strains, preservation by chemical ﬁxation was for quantitative morphometric analyses of the
changes induced by graded compression, motivating the need for high pressure freezing. NZ nucleus; SZ rough endoplasmic reticulum;
YZGolgi apparatus. BarsZ 3 mm (A, B) and 400 nm (CeH).
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Fig. 3. Chondrocytes and intracellular organelles within compressed tissue ﬁxed by high pressure freezing. Electron micrographs of
chondrocytes (AeC) and their organelles (DeM) in uncompressed (free swelling) cartilage (A, D, G, K) and in tissue that was compressed to
0.8 mm [20% compression (B, E, H, L)] and to 0.5 mm [50% compression (C, F, I, M)]. Tissue was processed by high pressure freezing and
freeze substitution, and embedded in plastic. With increasing compression, chondrocytes and their nuclei underwent a progressive
deformation to a more ﬂattened state (AeC). The change in nuclear shape was accompanied by an obvious narrowing of the space between
the inner and outer leaﬂets of the skirting envelope. Morphometric analyses revealed tissue compression to be accompanied by a progressive
decrease in cellular (AeC), nuclear (DeF) and rough endoplasmic reticular (GeI) volume but by no alteration in the volume of the Golgi
apparatus (KeM). NZ nucleus; TZ extracellular matrix; SZ rough endoplasmic reticulum; YZGolgi apparatus. BarsZ 3 mm (AeC) and
400 nm (DeM).high pressure freezing [Fig. 4(A)] and chemical ﬁxation
[Fig. 4(B)]. To better understand the changes in cell
dimensions that characterized this strain-dependent de-
crease in cell volume, the vertical and horizontal cell
diameters were quantiﬁed, and are shown as the ratio of
vertical to horizontal diameter vs increasing compression in
Fig. 4(C). These data indicate that the cells lose vertical
height relative to the width as the tissue is compressed.
The cellular volume was then normalized by the volume
of the surrounding matrix to obtain the chondrocyte volume
density [Fig. 4(D)]. These data give an indication of whether
the cells compress in proportion to the ECM, or simply
collapse within the ECM and thereby account for a dispro-
portionate amount of the total compression. The mean cell
volume density did not change signiﬁcantly with tissue
compression, suggesting that the chondrocytes and the
surrounding ECM lost water volume at the same rate.
DIFFERENTIAL EFFECTS OF COMPRESSION
ON ORGANELLE MORPHOLOGY
In an effort to compare our results to those of previous
studies, changes in nuclear morphology in response to
compression were ﬁrst quantiﬁed. The volume of the
nucleus exhibited a downward trend relative to increasing
compression that reached statistical signiﬁcance at 50%
compression [Fig. 5(A), P! 0.05]. The mean nucleus
volume density, calculated as the nuclear volume divided
by the cytoplasmic volume of the cell [Fig. 5(B)] did not
change signiﬁcantly with compression, indicating that thenucleus and cell lost volume in similar proportion. This
result was also seen in the chemically ﬁxed samples (data
not shown).
The volumes and volume densities of the rough
endoplasmic reticulum and the Golgi were then calculated
in the same manner as that for the nucleus. Similar to the
trends exhibited by the nuclei, the average volume of the
rER decreased with increasing compression, reaching
statistical signiﬁcance at 50% compression [Fig. 5(C);
P! 0.05], while the volume density of the rER did not
change across the range of compressions studied
[Fig. 5(D); PZ 0.316]. Thus, the rER appeared to lose
water at the same rate as the cell at each compression
level. However, the volume of the Golgi apparatus did not
signiﬁcantly change with compression [Fig. 5(E);
PZ 0.121]. Consistent with this ﬁnding, the volume density
of the Golgi increased with increasing compression and
reached statistical signiﬁcance at 50% compression
[Fig. 5(F); P! 0.05], suggesting that the Golgi were able
to retain intraorganelle water even as the cell and other
organelles lost water with compression. The organelle
surface densities were also calculated for the Golgi and
rER (data not shown), and were unchanged after small
deformations (10% compression) compared to those in
disks that were free swelling or maintained at their cut
thickness. Values at higher compressions were not
quantiﬁed. The volume and volume density of the mito-
chondria [Fig. 5(G,H)] suggested that the mitochondria also
lost intraorganelle water essentially at the same rate as the
cytoplasm upon compression, much like the rER and nuclei
942 J. D. Szafranski et al.: Deformation of chondrocyte organelles(i.e., the volume density did not change signiﬁcantly over
the range of compression).
LIPID, GLYCOGEN, AND BLOOD VESSELS
UNDER COMPRESSION
The volume density of intracellular fat was also quantiﬁed
as a positive control, since fat is an incompressible liquid and
shouldmaintain its volume as the cell is compressed. Indeed,
the volume density of fat increased signiﬁcantly at 35% and
50% compression [Fig. 6(A); P! 0.05]. Intracellular glyco-
gen, the main form of energy storage in the cell, also
appeared to retain its volume during compression [Fig. 6(B);
P! 0.001]. Finally, to determine whether any substantial
fraction of ECM compression was absorbed by collapsing
blood vessels, which were occasionally found in this
immature tissue, the resident blood vessel volume was
measured as a function of compressed thickness [Fig. 6(C)].
The data show nomonotonic trend, suggesting that the blood
vessels were not preferentially retaining or losing volume.
Discussion
The objective of this study was to quantify and contrast
the changes in morphology of chondrocyte organelles
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Fig. 4. Mean cell volume and cell shape. Samples were prepared
by high pressure freezing (A) or chemical ﬁxation (BeD). (A, B) The
average cellular volume signiﬁcantly decreased with increasing
compression in ﬁxed samples and had a decreasing trend in high
pressure freezing samples (nested ANOVA: (A) P! 0.05, nZ 5
tissue blocks; (B) P! 0.001, nZ 5 tissue blocks; (C) the ratio of
the vertical to horizontal diameter decreased signiﬁcantly with
compression (one-way ANOVA: P! 0.001, nZ 5 blocks)); (D) the
cellular volume density in the tissue (cell volume per tissue volume)
did not change signiﬁcantly with compression (PZ 0.198, nZ 5
blocks). Post-hoc preplanned comparison tests (Dunnett) vs FSW:
**P! 0.005, *P! 0.05.in situ caused by mechanical compression of cartilage
tissue using compressive deformations in vitro that span the
broad range of relevant to joint loading in vivo. Signiﬁcant
changes in the volume and morphology of several organelle
types were observed. These results are suggestive of
mechanotransduction pathways that may be very important
to load-bearing tissues such as articular cartilage, in
addition to the often studied cell membraneenucleus
pathway. Whereas deformation of the nucleus could alter
processes involving gene activation and transcription,
deformation of the endoplasmic reticulum, Golgi apparatus,
and mitochondria could alter the cell metabolism and
biosynthesis pathways downstream of the nucleus.
The transfer of deformation from the tissue level down to
the organelle level is most likely a consequence of both
mechanical and osmotic effects. Cartilage tissue has
a water content of 75e80% and a macroscopic equilibrium
mechanical stiffness of w500 kPa38. During compressive
deformation of cartilage ECM, water is exuded from the
tissue. In contrast, the chondrocytes encapsulated within
the ECM have a stiffness of only w1 kPa39. Hence,
deformation of the tissue causes a corresponding de-
formation of the cells within; any decrease in tissue volume
would cause a decrease in cell volume, presumably due to
water loss through the permeable cell membrane. This can
be seen most clearly in the horizontal to vertical diameter
ratios in Fig. 4(C). These data are consistent with a previous
study27 showing that chondrocytes maintain essentially
constant horizontal radii but decreased vertical radii within
cartilage tissue that was compressed vertically. The data of
Fig. 4(C) are also consistent with the tissue’s low Poisson’s
ratio of 0.1128, a value that would predict a very small radial
expansion for a given axial (vertical) compression. Given
that cells are about a 1000-fold less stiff mechanically than
the surrounding ECM40, changes in radial (horizontal) cell
diameter would be limited by the restraining ECM, while
vertical compression of the ECM should result in a similar
loss in cell vertical diameter as long as the cell membrane is
permeable and allows ﬂuid loss. Loss of tissue water and
the corresponding compaction of the highly charged
aggrecan-rich ECM results in an increase in ECM ﬁxed
charge density and a concomitant increase in the local
Donnan osmotic pressure of the compacted region of
tissue41; thus, a hypertonic ECM surrounds the cells, and
both mechanical42 and osmotic20 effects can lead to loss of
cell water. Previous studies in which explants of bovine
cartilage were subjected to step changes in medium
osmolarity under mechanically FSW demonstrated that
chondrocyte volume and, presumably ECM volume, could
change rapidly within 2.5 min after the allied change in
medium osmolarity (measured via confocal microscopy of
ﬂuorescently tagged cells within the explants20). Thus, the
ﬁnal equilibrium state of the ECM and cells would reﬂect
a balance between local mechanical and osmotic forces. A
similar interplay between mechanical and osmotic loading is
likely to dominate the observed changes in intracellular
organelle morphology that we report in this study.
An example of the combined effects of mechanical and
osmotic forces on deformation of organelles is seen in the
response of the nucleus to tissue compression. The data of
Fig. 4(D) show that the chondrocytes occupy only w5e6%
of the tissue volume under FSW, and that cell volume
decreases by the same proportion as the ECM volume
upon compression of the explants [Fig. 4(D)]; that is, cells
and matrix are losing proportionally the same amount of
water during compression. In a similar manner, the nucleus
appears to lose volume in the same proportion as the cell
943Osteoarthritis and Cartilage Vol. 12, No. 12*
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Fig. 5. Changes in organelle volume with compression. Samples prepared by high pressure freezing were quantiﬁed for alterations in
organelle absolute volume in mm3 (left column) and volume density (right column). (A, B) nucleus; (C, D) rough endoplasmic reticulum; (E, F)
Golgi apparatus; (G, H) mitochondria (one-way ANOVA: (A) P! 0.05, nZ 5 or 6 blocks; (B) PZ 0.562, nZ 5 or 6 blocks; (C) P! 0.05,
nZ 5 or 6 blocks; (D) PZ 0.316, nZ 5 blocks; (E) PZ 0.121, nZ 5 or 6 blocks; (F) P! 0.05, nZ 5 blocks; (G) PZ 0.141, nZ 5 or 6
blocks; (H) PZ 0.543, nZ 5 blocks (post-hoc preplanned comparison tests (Dunnett) vs FSW: **P! 0.001, *P! 0.05).cytoplasm upon compression [Fig. 5(A, B)]. While this result
is consistent with previous studies27,42,43, it is not obvious in
the context of the mechanical properties of the nucleus
alone. Recent measurements show that the nucleus is 3e4
times stiffer than the cytoplasm in articular chondrocytes40.
In the compression conﬁguration of Fig. 1(A), it is clear thatthe much stiffer ECM can easily deform the weaker cell as
a whole, but it is less clear how this cell deformation is
transmitted to the nucleus given that the nucleus is stiffer
than its surrounding cytoplasm. It was found previously42
that compression of cartilage explants resulted in a ﬂatten-
ing of both the nuclei and the chondrocytes as well as a loss
944 J. D. Szafranski et al.: Deformation of chondrocyte organellesof nuclear and cell volume. However, when the compres-
sion was applied in the presence of cytochalasin D (a
disruptor of the actin cytoskeleton), the cells and nuclei still
lost volume, but while the cells ﬂattened, the nuclei did not.
Taken together, these results lead to the hypothesis that
changes in nuclear volume in response to tissue compres-
sion are strongly inﬂuenced by intracellular osmotic
gradients (i.e., the balance between intra-nuclear and
cytoplasmic osmotic pressure), while nuclear shape
changes (e.g., ﬂattening) are strongly inﬂuenced by
cytoskeletal-mechanical effects.
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Fig. 6. Effects of compression on fat, blood vessels, and glycogen.
The volume density of intracellular fat (A) and glycogen stores (B)
in chemically ﬁxed samples both increased signiﬁcantly with
compression (fat: nested ANOVA, P! 0.001, nZ 5 blocks;
glycogen: P! 0.05, nZ 5 blocks). The volume density of blood
vessels (C) in chemically ﬁxed samples showed no signiﬁcant
change with compression (ANOVA, PZ 0.340, nZ 4 blocks).
(Post-hoc preplanned comparison tests (Dunnett) vs FSW:
**P! 0.001, *P! 0.05).In the present study, we have also demonstrated that
there are no signiﬁcant changes in the volume density of the
rough endoplasmic reticulum and the mitochondria over the
range of tissue compression tested [Fig. 5(C, D, G, H)]. As
with the nucleus, we interpret these data as showing that
the rER and mitochondria are losing water in response to
tissue compression in the same proportion as the cell and
ECM. We therefore hypothesize that the volume loss in
these organelles is governed predominantly by the same
mechanism that governs the nuclear volume lossdthe
balance between intraorganelle and extra-organelle
osmotic pressure. Any shape changes seen in these
organelles would more likely be due to the interaction with
the cytoskeletal network. While the actin cytoskeleton would
be a candidate for mediating such shape changes, as in the
nucleus, the microtubule network might also play an
important role. Alterations in the microtubule network could
alter the organization of the intracellular organelles and
thereby affect intracellular trafﬁcking associated with
cellular biosynthesis. The microtubule network has also
been shown to regulate, in part, the organization of the
Golgi. Jortikka et al. demonstrated that disruption of the
chondrocyte microtubule network resulted in a scattered
and globular Golgi apparatus44.
Of great interest is the ﬁnding that the Golgi appears to
resist loss of volume upon compression of the tissue
[Fig. 5(E, F)], a behavior distinctly different than that of the
nucleus, rER or mitochondria. Indeed, the behavior of the
Golgi volume density upon tissue compression was similar
to that of intracellular fat and glycogen [Fig. 6(A, B)] which
are essentially incompressible. There are several possible
interpretations of this behavior. McGann et al. examined the
osmotic behavior of the articular chondrocyte using a range
of hypertonic medium solutions and found that the cell as
a whole followed van’t Hoff’s law as a perfect osmometer
within that range45. Based on their results, they calculated
that the chondrocyte had an osmotically inactive volume
fraction of 0.41, corresponding to a 41% intracellular solid
content and/or a fraction of water that was osmotically
inactive. By analogy, a larger fraction of intra-Golgi volume
might be osmotically inactive, making large volume
changes difﬁcult. However, a more likely hypothesis relates
to the fact that glycosylation and sulfation of aggrecan GAG
chains occurs within the chondrocyte’s Golgi apparatus.
The high charge density of these GAGs within the Golgi
would greatly increase the intra-Golgi Donnan osmotic
pressure, which would result in the tendency to retain intra-
Golgi water even as the cell lost water upon tissue
compression. Indeed, this hypothesis would constitute
a mechanistic explanation for the concept of a high
‘‘osmotically inactive’’ volume within the Golgi. This is an
exciting possibility in that biosynthesis of GAG-rich me-
chanically functional aggrecan molecules, critical to tissue
mechanical function, could be mechanistically coupled to
tissue-level mechanical forces.
Regardless of the mechanisms by which the volume and
morphology changes are regulated in response to loading,
the end result may affect numerous cellular processes.
Alterations in rER volume and morphology may affect the
availability of ribosomes for mRNA and tRNA, as well as the
transport of nucleic and amino acids to the sites of
translation. Similarly, the transport of biosynthetic precur-
sors to the Golgi and the availability of Golgi membrane-
bound enzymes may be altered by mechanically induced
changes in the Golgi. Transport and trafﬁcking within the
cell (e.g., ER to Golgi, Golgi to ECM, etc.) could be modiﬁed
by changes in cell volume. It is clear that the morphology of
945Osteoarthritis and Cartilage Vol. 12, No. 12chondrocyte organelles is signiﬁcantly affected by com-
pression of cartilage tissue, which constitutes a potentially
important mechanotransduction feedback system. Further
studies are in progress to relate such mechanically induced
changes in organelle morphology to speciﬁc alterations in
the molecular structure and biomechanical functionality of
biosynthetic products such as aggrecan and its GAG
constituents46.
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